Introduction: rapid, accelerating, exceptional change
The Intergovernmental Panel on Climate Change's Fifth Assessment Report (IPCC, 2013) Probably the best-known manifestation of Arctic change is the strong decline in sea ice extent, which has exceeded 500,000 km 2 or 4% per decade since 1979, compared to the 1979-2000 mean. However, the decline in September (the month when the annual minimum extent is reached) has been greater than 800,000 km 2 or almost 12% per decade, with particularly strong losses caused by unfavourable weather effects superimposed on this trend in 2007 and 2012: the extent at the end of the summer of 2012 was only half the long-term average (NSIDC 2012) . Whilst above this downward trend, ice extent in 2013 was still the sixth-lowest value observed since 1979. At the same time, the thickness of the remaining ice has also decreased strongly. Combinedsatellite and submarine data indicate a thinning rate of 0.6 m per decade in the central Arctic over 1980 -2008 (Kwok and Rothrock, 2009 ).
Furthermore, 'multi-year' ice, which has accumulated over several seasons and is significantly thicker and more robust than 'first-year' ice, was 75% of the cover in 1988, but only 45% in 2010. The circulation in the Arctic Ocean basin moves ice counter-clockwise and out into the North Atlantic; almost all ice now is 1-2 years old, with thicker, 4-5 year-old ice having been almost entirely removed (Maslanik et al., 2011) . The thinning of the residual ice cover is an important positive feedback, as ice loss can continue rapidly even during relatively moderate melt seasons.
Reconstruction of long-term sea-ice extent via proxy records, in marine and coastal sediments, allows comparison of recent trends with historical ones (Figure 2 ), confirming that the recent, late-summerdecline is exceptional, apparently unmatched over at least the last few thousand years, and unexplainable by any known natural variabilities (Polyak et al., 2010) . The most plausible explanation for the decline remains the inflow of warmer Atlantic water to the Arctic Ocean, which is consistent with anthropogenically-forced warming (Kinnard et al., 2011) . IPCC (2013) states that, globally, it is extremely likely that human influence has been the dominant cause of the observed warming since the mid-20 th century. For the Arctic specifically, the equivalent statement is that it is likely that there has been an anthropogenic Sometimes overlooked, given the dramatic changes to sea ice, is that the snow cover of the northern hemisphere in general is also in significant long-term decline ( Figure 3 ). June snow cover extent (a month in which snow is largely confined to the Arctic) is now decreasing at a faster rate (18% per decade) than September sea ice extent (12% per decade) (Derksen and Brown 2012; Jeffries and Richter-Menge, 2013) . 2012 was the fifth consecutive year of record low Eurasian snow cover.
The Greenland Ice Sheet (GrIS) is much the largest ice mass in the Arctic, and a repository for some 11% of the global glacier ice mass. Its melt extent has been increasing steadily over the satellite era. In an eye-catching event in July 2012, detected by independent satellites, some 97% of the entire ice surface of the Greenland Ice Sheet, from its low-lying coastal margins to its high-altitude interior, experienced some surface melting for a few days, a situation which was unprecedented in more than 30 years of satellite observations (NASA, 2012) .
Typically, about half of the surface of the GrIS experiences at least some summer melting. However, this proportion has been steadily and significantly increasing 
The importance of Arctic Amplification
The Arctic is warming at least twice as fast as the global average (ACIA, 2005;
Jeffries and Richter-Menge, 2013; Figure 4 ). Atmospheric warming in high northern latitudes is amplified by several, strong, positive feedback mechanisms. First, the Arctic troposphere (the lowermost layer of the atmosphere) is relatively thin: only about half as deep as the equatorial troposphere. Therefore, a given amount of energy will be more effective in warming the Arctic atmosphere, other factors being equal. Second, the cover of perennial and seasonal snow and ice on the land and ocean surfaces of the Arctic acts as an energy sink: inputs of atmospheric energy are consumed in first raising this snow and ice to the melting temperature, and then in converting it from solid to liquid (latent-heat absorption). Only when the snow and ice cover has been removed, with the consumption of large amounts of atmospheric energy, can the temperature of the surface and its overlying air be raised. As the extent of snow and ice decreases, the efficiency of this energy sink decreases: less energy is consumed in melting, so more is available to raise surface temperatures.
Similarly but to a lesser extent, the presence of impermeable permafrost beneath the Arctic land surface leads to poor drainage, meaning that soils are often waterlogged in summer, keeping the supply of water for evaporation high, which also consumes atmospheric energy. This is also an effect which diminishes as permafrost degrades and Arctic soils become more freely-draining.
Third, but most importantly, the loss of snow and ice, particularly over the ocean, greatly reduces the albedo, or reflectivity, of the Earth's surface. Over fresh snow, the reflection of solar radiation is extremely efficient, with 90% or more of incoming energy returned back to space. Over open ocean water however, this figure falls to around 10%. Therefore, as snow and particularly sea ice diminish in area, the albedo of the surface decreases, more atmospheric energy is absorbed, more snow and ice melts, and albedo is further decreased: a highly effective, 
The potential for positive feedbacks
Permafrost (perennially frozen ground) is believed to contain up to 1700 Gt of carbon:
about four times more than all the carbon emitted by human activity in modern times.
The upper 3 m of permafrost is estimated to hold as much carbon as all known coal reserves (Tarnocai et al., 2009) . If that permafrost were to thaw and soils became waterlogged, soil microbes could convert the carbon into methane (CH 4 ). If the soils instead drained, the carbon would be respired into the atmosphere as carbon dioxide (CO 2 ) . Much uncertainty currently surrounds the potential for these processes to
occur and at what rates, but it is clear that permafrost is thawing over wide areas.
Since the 1990s, the thickness of the seasonally-thawing surface ground layer (the active-layer) has increased in the Eurasian Arctic, Siberia, Chukotka, Svalbard and
Greenland (Romanovsky et al., 2012 scenario. The spring snow cover decrease under the same conditions is projected to be a less dramatic, but still highly-significant, 25%.
The Arctic is particularly sensitive to the effects of black carbon: the deposition of soot on snow and ice has a much greater impact than its presence in the atmosphere, which is more important in mid-latitudes (Sand et al., 2013) . Greater Third, Arctic amplification ensures that the actual atmospheric temperature increase in high northern latitudes will be much greater than the global average value. Under the business-as-usual scenario, a 2.6-4.8 (mean 3.7)°C global average temperature increase is likely by the 2090s. This implies a warming, even without considering worst-case scenarios, of 9°C over large parts the Arctic (Figure 6 ). This rate of warming exceeds anything encountered during human occupation of Arctic latitudes.
Conclusion: fast change, further change
Recent changes to the atmosphere, cryosphere, land and oceans of the Arctic are exceptional on a timescale of thousands of years. Processes of Arctic Amplification, particularly but not only the positive feedback resulting from declining albedo, have caused accelerated change compared to the global average. While the feedbacks that have caused this acceleration are natural, physical processes, the changes that initiate them are beyond significant doubt anthropogenic: humankind is changing the Arctic, principally through GHG emissions at lower latitudes. By the end of the 21 st century, without significant, early reductions in such emissions, it is highly improbable that the Arctic will be anything other than significantly warmer than it is now. While this warming will be ecologically-beneficial in some respects, it will also be detrimental in others, with the net outcome still unclear. The Arctic will continue to warm at a faster rate than the rest of the Earth. Modeled surface air temperature change by 2081-2100 for future GHG emissions scenarios RCP2.6 and RCP8.5, respectively reflecting atmospheric CO 2 concentrations of 421 and 936 ppm by 2100 (IPCC, 2013) . Hatching indicates regions where the predicted mean is small compared to natural variability. Stippling indicates regions where the predicted mean is large compared to natural variability Source: http://www.climate2013.org/images/uploads/WGIAR5-SPM_Approved27Sep2013.pdf The Arctic will continue to warm at a faster rate than the rest of the Earth. Modeled surface air temperature change by 2081-2100 for future GHG emissions scenarios RCP2.6 and RCP8.5, respectively reflecting atmospheric CO 2 concentrations of 421 and 936 ppm by 2100 (IPCC, 2013) . Hatching indicates regions where the predicted mean is small compared to natural variability. Stippling indicates regions where the predicted mean is large compared to natural variability Source: http://www.climate2013.org/images/uploads/WGIAR5-SPM_Approved27Sep2013.pdf
